Introduction
Chromic materials showing reversible colour change in response to various external stimuli (e.g., temperature, pressure, and chemical vapour) have drawn increasing attention recently because of their potential applications in a variety of physical and chemical sensors. Especially, vapochromic materials that exhibit reversible colour change in response to harmful volatile organic chemical (VOC) vapours have been extensively studied for use in chemical sensors to detect such harmful chemicals in our environment. [1] [2] [3] [4] [5] The colour and luminescence of square-planar Pt(II) complexes strongly depend on their stacking orientation in the solid state, which directly affects the intermolecular metallophilic interactions between adjacent Pt(II) ions (i.e., modifies the metal-metal-to-ligand charge transfer (MMLCT) transition); [6] [7] [8] therefore, many vapochromic complexes, including simple neutral mononuclear complexes, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ionic complexes, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] double salts, [31] [32] [33] [34] dinuclear complexes, [35] [36] [37] [38] and coordination polymers, [39] [40] [41] have been reported. Most of the vapochromism of Pt(II) complexes reported to date originates from reversible structural transformations induced by vapour adsorption/desorption, which changes the molecular stacking in the solid state. In addition to the intermolecular metallophilic interactions of Pt(II) ions, other intermolecular interactions (e.g., π-π stacking and hydrogen-bonding interactions) also play important roles in the chromic behaviour of Pt(II) complexes. For example, Chen et al. reported the dramatic vapochromic behaviour of a bisphenylacetylide Pt(II) complex, i.e., [Pt(Me 3 SiC≡C bpyC≡CSiMe 3 )(C≡CPh) 2 ] ((Me 3 SiC≡CbpyC≡C-SiMe 3 = 5,5′-bis(trimethyl-silylethynyl)-2,2′-bipyridine; C≡CPh = 2,2′-bipyridine-5-acetylide), in response to various organic solvent vapours; these drastic responses were attributed to weak intermolecular C-H⋅⋅⋅π and/or π-π interactions. 13, 15 Eisenberg and co-workers also reported the methanol vapour-induced vapochromic behaviour of a Pt(II)-terpyridine complex containing a hydrogen-bonding amide group, [PtCl(Nttpy)](PF 6 ) 2 (Nttpy = 4′-(p-nicotinamide-N-methylphenyl)-2,2′:6′,2′′-terpyridine). 22, 30 The amide group forms double hydrogen bonds with the same group of the adjacent molecule to support a one-dimensional stacked structure with effective intermolecular Pt···Pt interactions. We also reported a vapochromic Pt(II) complex bearing both hydrogen-bond donating and accepting groups, i.e., [Pt(CN) 2 (H 2 dcbpy)] (H 2 dcbpy = 4,4′-dicarboxy-2,2′-bipyridine), and recently discovered that the complex and its derivative, [Pt(CN) 2 (H 2 dcphen)] (H 2 dcphen = 4,7-dicarboxy-1,10-phenanthroline), exhibit interesting vapochromic behaviour with a shape-memory effect in which the two-dimensional hydrogen-bonding network plays an important role. 11, 20 These reports clearly indicate the importance of exploiting hydrogenbonding interactions for the design of new vapochromic Pt(II) complexes. However, most of the vapochromic behaviours of Pt(II) complex systems are derived from modification of the crystal structure without any changes in the molecular structure of the Pt(II) complex molecule; the exceptions involve significant changes to the coordination environment of the Pt(II) centre. 18 . Recently, we have focused on protonation/deprotonation of the hydrogen-bonding carboxy group because the protonated carboxylic acid group can act as both a proton-donating andaccepting group while the deprotonated carboxylate is a strong proton-accepting group; this difference could be exploited to affect the crystal packing of the planar Pt(II) complex molecules. In fact, we have already reported the significantly different crystal structures of Pd(II) complexes with protonated and deprotonated hydrazone ligands, which only have one protonation site. 42 
Measurements.
Elemental analysis was performed at the Analysis Centre of Hokkaido University.
1
H NMR spectra were obtained using a JEOL EX270 NMR spectrometer. UV-Vis spectra were obtained in solution using a Shimadzu UV-2400PC spectrophotometer. Diffuse reflectance spectra were obtained using the same spectrometer equipped with an integrating sphere apparatus. The reflectance spectra were converted to absorption spectra using the Kubelka-Munk function. Luminescence and IR spectra were obtained using a JASCO FP-6600 spectrometer at room temperature and JASCO FT/IR spectrometer, respectively. Powder X-ray diffraction (PXRD) was conducted using either a Rigaku SPD diffractometer at beamline BL-8B at the Photon Factory, KEK, Japan or a Bruker D8 Advance diffractometer equipped with a graphite monochromator using Cu Kα radiation and a one-dimensional LinxEye detector. The wavelength of the synchrotron X-ray was 1.5385(1) Å. Thermogravimetry and differential thermal analysis were performed using a Rigaku ThermoEvo TG8120 analyzer. Vapour adsorption isotherms were obtained using BELSORPmax vapour adsorption isotherm measurement equipment.
Single-Crystal X-Ray Structural Analysis.
All measurements were performed using a Rigaku AFC-11 diffractometer with a Mercury CCD area detector at beamline PF-AR NW2A at the Photon Factory, KEK, Japan. The wavelength of the synchrotron X-rays was 0.6890(1) Å. All single crystals were mounted onto a MicroMount coated with paraffin oil. The crystal was then cooled using an N 2 flow-type 
1⋅3.5H2O
[1H]Cl⋅H2O
127.7(9) 125.5 (7) temperature controller. Diffraction data were collected and processed using the CrystalClear program. 47 Structures were solved by the direct method using SIR-2011. 48 Structural refinements were conducted using the full-matrix leastsquares method using SHELXL-2013. 49 The non-H atoms were refined anisotropically, and the H atoms were refined using the riding model. All calculations were performed using the Crystal Structure crystallographic software package. 50 The crystallographic data obtained for each complex are summarized in Table 1 . Selected bond lengths and angles are listed in Table 2 . Full crystallographic data were deposited with the Cambridge Crystallographic Data Centre (CCDC 1498641-1498642).
Results and discussion
Crystallography.
Single crystals of the deprotonated complex, i.e., 1⋅3.5H 2 O, were successfully obtained by acid-base neutralization of the deep-blue protonated complex, i.e., [1H]Cl⋅3H 2 O, in triethylamine aqueous solution using HCl vapour, because the solubility of [1H]Cl⋅3H 2 O to neutral or acidic aqueous solution is very low whereas it easily dissolved in basic aqueous solution. Thus, in this crystallization process, most of HCl molecules reacted with basic triethylamine to neutralize the solution and did not give the proton to the complex 1. Fig. 1 shows the crystal structure of 1⋅3.5H 2 O. The central Pt(II) ion adopts a square-planar geometry in which the three N atoms of the ctpy ligand and one Cl ion occupy the four coordination sites. The Pt(1)-N(2) bond length of the central pyridyl ring is the shortest among the three Pt-N bonds (see Table 2 ). The Pt-Cl and Pt-N bond lengths and N(1)-Pt(1)-N(3) bond angle were very similar to those of the non-substituted Ptterpyridine complexes, [51] [52] [53] [54] suggesting that the introduction of the carboxy group into the 4′-position of terpyridine ligand does not significantly affect the coordination structure of the central Pt(II) ion. The two C-O bond lengths of the carboxy group (1.245(15) and 1.243(14) Å) are almost equivalent, indicating that the group was deprotonated to an anionic carboxylate. As a result, the complex molecule 1 is neutral, which is consistent with the absence of a counter anion in the crystal structure. The large torsion angle between the carboxylate group and coordination plane of the central Pt(II) ion (28.18°) suggests that the two O atoms of the carboxylate are outside the square-planar coordination plane of the Pt(II) ion. Three water molecules are hydrogen-bonded to the negatively charged O atoms of the carboxylate with distances ranging from 2.70(1) to 2.77(2) Å. One of the three water molecule was disordered at the two sites with quarter occupancies near the midpoint between two adjacent complex molecules (see Fig. S1 ). The other water molecule is hydrogenbonded to the other water molecules rather than the O atoms of the carboxylate. As shown in Fig. 1(a) , the neutral complex molecules form a one-dimensional stacked structure with intermolecular Pt⋅⋅⋅Pt distances (3.518(2) Å) that are comparable to twice the van der Waals radius of Pt (3.5 Å); this stacking structure suggests intermolecular Pt⋅⋅⋅Pt and/or π-π interactions would be effective. The layer-by-layer structure formed from the alternating arrangement of one-dimensional columns of the neutral Pt(II) complex and hydrated water molecules is clearly evident along the c axis, as shown in Fig.  1(b) .
The protonated form was obtained via acidification of a DMF solution of [1H]Cl·3H 2 O by HCl vapour deposition from an 8 M HCl aqueous solution. The determined crystal structure is shown in Fig. 2 . The central Pt(II) ion adopts a square-planar geometry via coordination to three N atoms of the ctpy ligand and the Cl ligand, and the Pt-N and Pt-Cl bond distances are similar to those of 1⋅3.5H 2 O, as shown in Table 2 . In contrast, the two C-O bonds in the carboxy group differ significantly, indicating the presence of a carboxylic acid group. Thus, the effect of protonation/deprotonation of the carboxy group on the coordination structure of the central Pt(II) ion is negligible. The torsion angle between the carboxy group and coordination plane of the Pt(II) ion (4.21°) is significantly smaller than that of 1·3.5H 2 O. As a result of the protonation of the carboxy group, the charge of the Pt(II) complex molecule is +1; this is consistent with the presence of the counter Cl − anion, which is hydrogen-bonded to the protonated carboxylic acid group. The Cl⋅⋅⋅H-O distance (2.977(6) Å) is 0.15 Å shorter than the average distance (3.12 Å), 55, 56 suggesting strong hydrogen-bonding interactions. In this complex, only one water molecule per Pt(II) complex molecule forms a hydrogen Please do not adjust margins
Please do not adjust margins bond with the counter Cl − anion. It should be noted that the cationic Pt(II) complex molecules formed a one-dimensional columnar stacked structure, as shown in Fig. 2(a) ; however, the intermolecular Pt⋅⋅⋅Pt distance in the column (7.145(4) Å) is too long for metallophilic interactions whereas the intermolecular Pt⋅⋅⋅Pt distance between the adjacent columns (3.439(2) Å) is sufficiently short for effective metallophilic interactions. Considering the fact that the interplanar distance (3.441 Å) is short enough for π-π stacking interactions, the cationic Pt(II) complex molecules form dimers in the crystal via intermolecular metallophilic and π-π stacking interactions. A similar layer-by-layer structure as that of 1·3.5H 2 O formed along the c axis by the alternate arrangement of cationic layers of the Pt(II) complex molecules and anionic layers of counter Cl − anions with water molecules, as shown in Fig. 2(b) . (Fig. S6) , suggesting that the colour change from dark-blue to yellow in the solid state could originate from the modification of the crystal packing structure by exposure to acetonitrile vapour. The vapochromic behaviour of the protonated form, [1H]Cl⋅3H 2 O, upon exposure to acetonitrile vapour was also investigated by PXRD. As shown in Fig. 3(b) 2 O by hydrophilic vapour-induced dehydration. Thermogravimetric analysis revealed that all three water molecules were completely removed upon increasing the temperature to 393 K (see Fig. S3 ). However, it should be noted that the PXRD pattern remained the same in the temperature range of 298 to 393 K (see Fig. S9 ), and the sample remained dark blue after heating. Thus, in addition to dehydration, the molecules in the solid state must also rearrange to induce the conversion from the amorphous- Fig. S10 ), an interesting colour change from bright yellow to orange was observed upon exposure of 1⋅H 2 O to saturated water vapour. Simultaneously, as shown in Fig. 4(a) , the emission of the complex changed: 1⋅H 2 O exhibited luminescence centred at 621 nm; this was significantly red-shifted up to 652 nm upon exposure to water vapour. The resultant orange sample reverted to the initial bright-yellow 1⋅H 2 O upon exposure to dried air overnight at room temperature (see Fig. 4(a) ), suggesting that the vapochromic luminescence of 1⋅H 2 O is due to reversible adsorption/desorption of water vapour. In fact, the PXRD pattern of the orange sample obtained after exposure of 1⋅H 2 O to water vapour is almost identical to the simulated pattern calculated from the more hydrated deprotonated form, 1⋅3.5H 2 O, as shown in Fig. 4(b) . These results clearly indicate that 1⋅H 2 O shows vapochromic luminescence driven by adsorption/desorption of water vapour. As discussed in the crystal structure section, intermolecular metallophilic interactions are evident in 1⋅3.5H 2 O, suggesting that the orange emission centred at 652 nm of 1⋅3.5H 2 O could originate from an MMLCT. The bright yellow monohydrate, 1⋅H 2 O, had a higher emission energy 
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Please do not adjust margins than 1⋅3.5H 2 O, which suggests weaker intermolecular metallophilic interactions. In other words, the desorption of water molecules from the crystal lattice of 1⋅3.5H 2 O may induce the collapse of the one-dimensionally stacked structure of the planar Pt(II) complex molecules.
Hydrophilicity Control by Protonation/Deprotonation.
As discussed above, the vapochromic behaviour of complex 1 strongly depends on the protonation/deprotonation of the carboxy group attached to the 4′-position of the terpyridine ligand. The protonated form, i.e., [1H]Cl·3H 2 O, shows vapochromic behaviour in response to hydrophilic organic vapours owing to dehydration, whereas the deprotonated form 1·H 2 O exhibits vapochromic luminescence driven by water vapour adsorption. These contrasting results suggest a large difference in the hydrophilicity of the protonated and deprotonated forms of complex 1.
To elucidate the differences between the protonated and deprotonated forms, we measured their water vapour adsorption isotherms. As shown in Fig. 5 , deprotonated 1 adsorbed water vapour in two steps: A small amount of water (~0.5 mol⋅mol −1 Pt(II) complex) was adsorbed in the low relative humidity region (below 0.1 P/P 0 ) and a large water vapour uptake (~3 mol⋅mol −1 Pt(II) complex) was observed at a very high humidity (above 0.9 P/P 0 ). The first water adsorption could be due to chemisorption driven by the formation of hydrogen bonds with the carboxylate group, as suggested by the X-ray structure of 1⋅3.5H 2 O. The wide plateau region from 0.1 to 0.9 P/P 0 suggests that high water vapour pressure is required for the second water adsorption step in order to induce the structural change to the fully hydrated form of 1⋅3.5H 2 O. The saturated amount of water uptake (3.5 mol⋅mol −1 Pt(II) complex) is quantitatively consistent with the X-ray structural analysis results. In the desorption process, three desorption steps were observed: The first desorption occurred at 0.69 P/P 0 with large hysteresis to form the trihydrate form, the second desorption occurred as a sharp decrease at 0.57 P/P 0 to form the monohydrate form of 1·H 2 O, and the third desorption to form anhydrous 1 was observed below 0.05 P/P 0 . The large hysteresis for the second water vapour adsorption/desorption at high humidity also suggests that significant structural changes are required for this wateradsorption process. On the other hand, the protonated form of [1H]Cl showed a completely different adsorption isotherm: Water adsorption continually increased over all vapour pressure ranges, and the wide plateau observed for deprotonated 1 was not observed. As shown in Fig. 5 , three different adsorption processes are clearly evident: The first step occurs from 0 to 0.7 P/P 0 to form the trihydrated form, the second step formed the tetrahydrated form in the region of 0.7 < P/P 0 < 0.9, and the third step involved a remarkable steep increase at high humidity (above 0.9 P/P 0 ). The maximum amount of water adsorption was 6 mol⋅mol
, which is significantly larger than that of the deprotonated form of 1. In the desorption process, the same three steps that were observed in the adsorption process were evident with hysteresis.
The Interconversion by Exposure to Acidic/Basic Vapours.
As mentioned above, the vapochromic behaviour of the complex 1 strongly depends on the protonation/deprotonation state of the carboxy group. This remarkable difference motivated us to investigate interconversions between the protonated and deprotonated forms using some acidic and basic vapours. In this section, we discuss interconversions driven by humid HCl and TEA as the acidic and basic vapours, respectively.
The bright-yellow deprotonated form, 1·H 2 O, converted to a dark-blue powder upon exposure to humid HCl vapour at room temperature overnight. As shown in Fig. 6(a) , the obtained dark-blue powder showed a broad absorption band at around 650 nm in the UV-vis diffuse reflectance spectrum, which is similar to that of the protonated [1H]Cl·3H 2 O. In the IR spectra, the C=O vibration mode observed at 1625 cm −1 for 1·H 2 O dramatically shifted to a higher wavenumber of 1701 cm
upon exposure to humid HCl vapour (Fig. 6(b) ), suggesting protonation of the carboxylate group. In addition, the darkblue powder showed a very broad PXRD pattern with small peaks at 6.2° and 26.7°, which are characteristic for the protonated amorphous-like [1H]Cl·3H 2 O (Fig. S11) . From these Fig. 7(a) shows the change in the UV-vis diffuse reflectance spectrum of [1H]Cl·3H 2 O upon exposure to TEA vapour. After exposure for three days at 303 K, the solid changed from dark blue to bright yellow and the characteristic absorption band of the protonated form in the UV-vis diffuse reflectance spectrum at around 650 nm clearly disappeared. Simultaneously, the C=O vibration mode appeared at 1632 cm -1 in the IR spectrum, and the spectrum was qualitatively identical to the spectrum of 1·H 2 O after exposure to TEA vapour ( Fig. 7(b) ); these results suggest that the carboxylic acid group was deprotonated to form 1·nH 2 O. The small difference between the UV-vis diffuse reflectance spectra of the deprotonated form, 1·H 2 O, and the bright yellow powder might be due to a different number of hydrated water molecules. On the other hand, two characteristic signals (i.e., 1.0 and 2.5 ppm) for TEA were clearly observed in the aliphatic region of the 1 H NMR spectrum of the bright yellow powder (see Fig. S12 
